Abstract-The fiber gain and noise figure in erbium (Er)-ytterbium (Yb) codoped fiber amplifiers are experimentally studied and theoretically modeled. The different fiber parameters for the model are found in separate characterization measurements. The comparison between the measured and calculated data show excellent agreement. In addition, we demonstrate the design process for a specific cladding-pumped fiber to find the optimum fiber length.
I. INTRODUCTION
O PTICAL fiber amplifiers with broad-band amplification have become more important with the continuously increasing number of wavelength channels in optical network systems. Ytterbium (Yb)-sensitized erbium (Er)-doped fiber amplifiers (EDFAs) have recently demonstrated high and broad gain, comparable to the performance of conventional EDFAs [1] . In addition, the pump efficiency of Yb -codoped EDFAs is significantly improved, as well as spectrally broadened. Furthermore, the incorporation of Yb minimizes the quenching process when high Er concentrations are necessary, e.g., in short-fiber or waveguide amplifiers [2] , [3] .
In Yb -codoped EDFAs, the Yb ions absorb most of the pump power and cross correlation between adjacent Yb and Er ions ensures the energy transfer. The introduction of Yb allows for higher Er concentrations, as stated, resulting in higher gain for a given pump level. Moreover, Yb offers a wide variety of pump wavelengths to utilize different high power sources in the range from 800 to 1100 nm [4] .
In this work, we study, both experimentally and theoretically, the signal gain and the noise figure of Yb -codoped EDFAs. A comprehensive model is presented that properly accounts for the energy transfer between Yb and Er . Direct measurements for a large wavelength span show excellent agreement with the model. The paper is organized as follows. In Section II, details about the model are presented. Section III investigates the validity of specific approximations in the model and Section IV describes the experimental work. The results are presented and discussed in Section V, and the paper ends with the conclusion in Section VI.
II. MATHEMATICAL MODEL
The notation and basic equations for the model are similar to the equations given in [5] . Due to experimental findings the rate equations are modified. We assume an almost instantaneous decay of the excited-state I to the I state, i.e., (see Fig. 1 ). Further, we use a cubic dependency of the upconversion mechanism from the state I to the ground state I and excited state I . Taking these findings into account, the rate equations for the populations , , , , and are
where the terms represent the stimulated transition rates between level and . Note that the space and time ( , ) dependences are omitted in the equations. In particular, , , , , and are the signal absorption, signal emission, Er and Yb pump absorption and pump emission rates, respectively, given by (6) The and denote the spontaneous emission lifetimes and cross sections [6] between levels and . Whereas , are the cross-correlation coefficients, is the upconversion coefficient, is Planck's constant, is the speed of light, is the fiber core area, and is the wavelength-dependent confinement factor. A Gaussian approximation [7] is used to calculate the confinement factor for the single-mode core. Because the pump power is injected into the multimode cladding, the confinement factor is, to a good approximation, given by the ratio of the core-to-cladding area. The forward-and backward-propagating Er and Yb power densities are amplified according to (7) where the local net gain and the spontaneous emission for erbium and ytterbium are described by the following equations:
The parameter in (10) and (11) represents the contribution of the spontaneous emission into the mode [8] and is given by where the factor of two is due to the two-orthogonal polarization directions. However, for the polarized signal channels, we used . Amplified spontaneous emission (ASE) due to F -F transitions at 800 nm to 1100 nm, as well as in the vicinity of 980 nm due to I -I transitions, is considered in the model. In addition, signal ASE due to I -I transitions at 1450 nm to 1650 nm is considered. Due to the small signal power, Rayleigh back scattering is omitted.
The first-order differential equations describing the power densities together with the rate equations are solved iteratively by using a Runge-Kutta and a modification of the Powell hybrid method (Numerical Algorithms Group Foundation Library). The step size in propagation direction was short enough to assure a relative accuracy (change from one fiber round trip to the next) in the power densities of below 2%.
III. ANALYTICAL APPROXIMATIONS
Significant simplification in solving the nonlinear rate equations (1)- (5) occurs by assuming an instantaneous decay of the excited state I , i.e., , by neglecting the energy backtransfer from Er to Yb , i.e.,
, and neglecting the upconversion in Er , i.e., . Under these assumptions, the inversion levels for Er and Yb are (12) (13) where and . Applying an iterative procedure, (12) and (13) are solved in typically less than 10 cycles for the required accuracy, which was set to 10 in our specific case. It is worth mentioning that the stimulated transition rates and, therefore, the power densities have to be recalculated after each iteration and at each fiber location.
In Fig. 2 , we compare the inversion levels and given by (1)- (5) and the approximate equations (12) and (13) for a cladding-pumped fiber. The pump power for this specific case was 1.2 W at nm. The other parameters are given in Table I . The approximate inversion level of Yb is slightly smaller due to the lack of the energy backtransfer from Er to Yb . The approximate inversion level of Er deviates significantly around a fiber position at 7.2 m. At this position, the inversion level peaks and upconversion starts to reduce the inversion level. It is worth mentioning that the overall accuracy of the approximate equations (12) and (13) depends on the specific application. In particular, the excited-state I lifetime has a strong impact on the validity of the approximation, i.e., a longer lifetime increases the energy backtransfer to Yb and, therefore, causes a decrease in the accuracy. For moderate signal powers ( 10 dBm) and our specific fiber data, the difference in the signal gain was below 2%.
IV. FIBER CHARACTERIZATION
The fiber parameters required to be determined experimentally are the Er and Yb ion concentrations and , the lifetimes of the upper Er and Yb excited states and , and the upconversion coefficient . The concentrations and are determined by measuring the fiber absorption at 917 nm for Yb and at 1535 nm for Er . The lifetimes and and the upconversion coefficient are determined by directly measuring the Er and Yb excited states decay under pulsed excitation at 917 nm and fitting the results to a numerical model of the rate equations.
The investigated fiber has a core diameter of 6.6 m and a cladding diameter of 125 m. Both the Er and Yb ions are concentrated in the core. When used as a fiber amplifier, one or more pumps is normally coupled into the cladding region, with the signal coupled into the much smaller core. Because of the low overlap of the pump cladding mode with the core, this reduces the longitudinal absorption of the pump by the highly absorptive Yb and allows longer fiber lengths to be used. However, in order to increase the interaction of the pump light with the Yb ions in the core for purposes of characterization, we fusion-spliced a single-mode silica fiber directly to the Er -Yb fiber and used this to alternately couple both the pump and signal light into the Er -Yb core. The single-mode silica fiber has a core diameter of 5.0 m. The overlap between the single-mode and Er -Yb fiber-mode distributions results in a theoretical coupling efficiency of 92%. Splicing the two dissimilar fibers was problematic, however, and in practice, the actual splice losses averaged approximately 0.65 dB per splice, or 86% coupling efficiency.
The fiber absorption is measured by alternately connecting the single-mode outputs of 917-nm and 1535-nm lasers to single-mode fibers spliced to Er -Yb fibers, as described previously. The wavelength of 917 nm is chosen to measure the Yb absorption directly, since Er has negligible absorption at this wavelength. The Er /Yb fibers are cut back to varying lengths, in both cases, and the output powers for each length are measured. Lines are fitted to the two sets of data to determine the absorption at both wavelengths, as shown in Fig. 3 . The absorption values thus determined are 283.3 and of the excited I and F states and the upconversion coefficient are measured by modulating the 917-nm pump laser with a square-wave driving current and measuring the emission through an optical bandpass filter centered either at 1550 nm or 980 nm. In order to avoid the large residual pump intensity exiting the output end of the fiber, a wavelength splitter (920/1550 nm) is connected between the pump and test fiber so the 1550-nm decay could be measured in the counterpropagating direction. A short ( 5 mm) Er -Yb fiber is used to ensure that the Er is completely inverted by the pump power. The pulsewidth of the pump current is approximately 100 ms to guarantee steady-state condition prior to removal of the pump power. One hundred decay measurements are averaged to reduce noise, and the resulting data are numerically fitted to the time-dependent rate equations (1)- (5) of the decay process with variable lifetimes, using a Runge-Kutta method.
The resulting values are presented in Table I . The short lifetime and the cross-correlation coefficients and are taken from [9] and [10] . To verify the validity of the previously mentioned parameters, the absorption is measured as a function of the injected power. Fig. 4 shows a comparison of the measured data to the calculated data. Small deviations between the measured and calculated data are mainly due to the exact determination of the short fiber length ( 11 mm) and the splice losses.
V. RESULTS AND DISCUSSION
To verify our model, we designed and built a one-stage cladding-pumped fiber amplifier. The light emitted from a tunable laser is launched into the amplifier after passing through an optical isolator. A tapered fiber bundle with six individual multimode fibers served to couple the pump light into the cladding. Broad-area laser diodes with a maximum output power of 1.5 W at 972 nm are used. The signal and the pump light are injected from opposite ends of the amplifier, i.e., counterpropagating configuration. The signal wavelength is scanned from 1480 nm to 1600 nm in steps of 5 nm. The small signal gain and the noise figure are measured at each wavelength. Using the parameters in Table I , the signal gain and the noise figure are simulated for the identical wavelength range. Figs. 5 and 6 show the comparison between the measured and calculated data. The agreement in the signal gain over the entire wavelength range of 120 nm is excellent. The ASE-induced noise figure, based on the definitions in [7] and [11] , shows small deviation at short wavelength, i.e., at wavelength with high absorption. For longer wavelength, the model describes the noise figure behavior very well.
As an example for a practical application of the model, we examined the effect of the Yb -Er ratio and the Er concentration on the fiber gain and the optimum fiber length. The selection of the optimum fiber length for a particular application is a key design effort. The optimum fiber length is defined as the fiber length for which the local net gain remains positive, i.e., the pump power still provides enough gain to overcome the losses. The simulations are done for various Er concentrations and Yb -Er ratios.
In Figs. 7 and 8, the pump power was 2.0 W at 917 nm, the signal wavelength was 1560 nm, and the input power was dBm. The other parameters are defined in Table I . As can be seen in Fig. 7 , the optimum fiber length decreases slightly with increasing Yb -Er ratio and increasing Er concentration. Note that the Er concentration has a stronger impact on the optimum length than the Yb -Er ratio. The fiber gain can be increased by increasing the Er concentration or by decreasing the Yb -Er ratio (see Fig. 8 ). However, to prevent concentration quenching, it is necessary to increase the Yb -Er ratio when increasing the Er concentration. Depending upon details of the doping process, there will be a maximum Er concentration value associated to every Yb -Er ratio.
The noise figure shows only a weak dependence on variations in the Er concentration or Yb -Er ratio. The average noise figure was about 11 dB, with a maximum variation of 1.4 dB.
VI. CONSLUSION
An accurate model for Yb codoped EDFAs has been presented and compared with experimental data. The comparison of the fiber gain and the noise figure showed excellent agreement for a wide wavelength range. Approximate equations for the rate equations are demonstrated and their validity discussed in detail.
Furthermore, we demonstrated the design of an Yb -Er fiber amplifier using the presented model. As a result, the optimum fiber length for a required fiber gain and specific pump, signal, and fiber data is derived.
